INTRODUCTION 74
Interaction between the prefrontal cortex (PFC) and limbic system is required for normal 75 patterns of affective behavior and cognition. In particular, reward-guided behaviors 76 require functional interaction between the amygdala and the orbital and medial divisions of the 77 PFC (OFC and MFC, respectively). For instance, lesions that disconnect the OFC and 78 amygdala are associated with impairments in updating the value of rewards (Baxter et al., 79 2000) . Similarly, disconnection of the MFC and amygdala leads to deficits in correctly 80
weighting the costs and benefits of different courses of action 81 2007) as well as emotional responding (Felix-Ortiz et al., 2016) . Disruption of functional 82 interaction between the PFC and limbic system, most notably the amygdala, is also associated 83 with a host of psychiatric disorders (Pezawas et al., 2005; Almeida et al., 2009; Dutta et al., 84 2014) . Determining how these brain areas interact at the neural level when one of the nodes of 85 the network is dysfunctional or damaged is therefore a key first step to understanding circuit-86 level interactions. 87
We previously showed that in monkeys, bilateral excitotoxic lesions of the amygdala 88 attenuate reward-value signals of individual neurons recorded from OFC, but not MFC 89 (Rudebeck et al., 2013) . The response properties of single neurons, however, only reflect the 90 local processing and output of an area (Einevoll et al., 2013) . A more complete understanding 91 of this network might be informed by considering population-level activity and the inputs to an 92 area, which can be studied using local field potentials (LFPs). Indeed there is evidence that 93 there are differences in the types of information encoded by single neurons and LFPs 94 (Kreiman et al., 2006) . For example, during a working memory task where object locations and 95 features had to be held online, differences emerged between the information encoded in spike 96 trains and LFPs in lateral frontal cortex (Lara and Wallis, 2014) . In the context of the present 97 data, we previously reported that stimulus-reward encoding in OFC was independent of 98 concurrently presented options, suggesting that the activity of single neurons was not encoding 99 the monkeys' choices (Rudebeck et al., 2013) . However, it is possible that choices might be 100 being encoded at the level of LFPs instead of the activity of single neurons in OFC and MFC. 101
To better determine the dynamics of reward-value and choice coding in the amygdala-102 MFC-OFC network, we analyzed LFPs recorded from the OFC and MFC in three monkeys 103 engaged in a stimulus-choice task. Recordings were made both before and after excitotoxic 104
Pre-processing 205
Here, our analyses focused specifically on the event-related potentials (ERPs) evoked 206 by stimuli presentation. We did not report data on possible oscillatory activities as no clear 207 modulations have been observed apart from the direct ERP signature in the low frequency 208 spectrum (data not shown). For each recorded site, the LFP signal was first band-pass filtered 209 from 1 to 30 Hz and then aligned around S1 presentation (from -3 to +3 s). We then 210 normalized the LFP signal for each individual trial relative to a baseline period (-0.6 to -0.1 s 211 before S1 onset), and derived a z-score. Finally, we sub-sampled our dataset using a sliding 212 window of 50 ms stepped in 10 ms increments. 213
214

ERPs latency and amplitude 215
The latency of the different ERP components was extracted for each trial by detecting 216 peaks with amplitude greater than 0.3 sd and with a minimal distance restriction between 2 217 consecutive peaks of 75 ms (using the Matlab function findpeaks.m). Latencies for negative 218 components were considered only if they fell between 200 and 350 ms relative to stimulus 219 onset, whilst latencies for the later positive components needed to be between 300 and 550 220 ms. These time windows were defined based on the visual inspection of all the detected 221 latencies. We then used Kruskal-Wallis (KW) tests to assess differences between conditions. 222 Finally, differences in ERP amplitudes between areas (OFC vs. MFC) or relative to 223 amygdala lesions (PreOp vs. PostOp) were also extracted using KW tests at each time bin. 224
225
ANOVA on individual LFPs 226
To assess how the different factors of our task modulated the amplitude of the trial-by-227 trial ERP signals, we first fitted a sliding hierarchical ANOVA model to the normalized ERP 228 activity of each recorded LFP. Our model included factors of S1 reward value (five levels), S2 229 reward value (five levels), S1 identity (two levels), S2 identity (two levels) and S1 presentation 230 side (two levels). S1 and S2 identity factors were nested within S1 and S2 reward value, 231
respectively. P-values extracted for each factor were subjected to a specific threshold to 232 account for multiple testing over time (see Statistical procedures below). To complement our 233 time-resolved observations, we also extracted the overall number of significant sites for 3 234 different periods: a reference period (REF: -1000 to 0 ms, relative to S1 onset), the S1 period 235 (0 to 1000 ms) and S2 period (1000 to 2000 ms). Finally, to extract the latency of stimulus 236 value or stimulus side encoding, we detected the first significant time bin during the time period 237 considered (S1 or S2 periods). As before, differences in latencies were evaluated using KW 238
tests. 239 240
Statistical procedures applied to individual LFPs analyses 241
Individual sites were considered as significantly encoding a task factor if they 242 discriminated that factor for 6 consecutive bins (covering a time period of 100ms) with a 243 threshold of p<0.01. This threshold was applied to all time-resolved analyses (e.g. hierarchical 244
ANOVA and KW test on ERP amplitude over time). 245
We also assessed statistical significance by computing two-tailed Chi-square tests with 246
Yates' correction when testing for differences in the proportion of sites encoding a given factor, 247 either when comparing areas (OFC vs. MFC) or periods (PreOp vs. PostOp) . 248
249
Relationship to single neuron recordings 250
We previously reported the encoding properties of the individual neurons recorded in 251 this task (Rudebeck et al., 2013 ; PreOp: OFC=280; MFC=233; PostOp: OFC=317; MFC=237 252 neurons). Here, we were able to assess whether there was a relationship between neurons 253
and ERPs as the same analyses were applied with the two datasets. In particular, we tested 254 whether neurons and ERPs recorded simultaneously on the same electrode (i.e., at a similar 255 site) were modulated by the different factors in a similar manner. To do this, we extracted the 256 proportion of sites where, based on the hierarchical ANOVAs, both neurons and ERPs showed 257 significant encoding of S1 or S2 values. To test if these proportions were significant (e.g., 258
whether neurons recorded on an electrode showing significant ERP modulations were more 259 likely, or not, to also encode the same factor), we used permutation testing, by shuffling the 260 labels assigned to the different neurons (significant or not) 1000 times. This procedure enabled 261 us to take into account the relative number of both significant LFP sites and neurons, and 262 therefore avoid any confounds. 263
We also looked at the correlation between the variance explained by the S1 or S2 264 values from the hierarchical ANOVAs in recordings where both neurons and ERPs (recorded 265 on the same electrode) showed significant modulations. 266
Population decoding of choices and stimulus reward values 268
We applied multiple linear regressions to decode information from population ERP 269 activity vectors in both regions. This method assesses the capability of a linear readout to 270 extract a given response variable (e.g., choosing S1 or S2) from trial-by-trial ERP responses of 271 the whole population. In this procedure, a Tikhonov regularization procedure was used to 272 minimize the sum of squared errors and thus avoid overfitting by placing constraints on 273 regression coefficients. 274
275
To extract an accurate estimate of the classifiers' performance, we included only sites 276 with 3 repetitions of each of the 14 possible S1/S2 pairs. We also only included the same 277 number of predictors (i.e., recording sites) for both areas, as well as for pre-and post-operative 278
recordings. This was done so that we could directly compare the strength of coding between 279 the different recording populations, as more predictors might spuriously increase the accuracy 280 (see for example, Astrand et al., 2014) . Applying these criteria meant that the datasets used to 281 extract choice-predictive activity contained the ERP signals recorded at 47 randomly selected 282 sites during 42 randomly selected trials. Our training set contained 2 instances of each 283 possible pair (i.e., 28 trials), and our testing set contained the remaining third of the data (14 284 trials). It is important to note that classifiers did not have any information relative to the S1 or 285 S2 reward values, nor did it have information regarding S1/S2 pair identities. To determine the 286 regularization parameter, we further subdivided the training partition to perform a 5-fold cross-287 validation procedure. The sum of squared errors (SSE) across the five folds was computed for 288 each regularization parameter tested. The value with the lowest SSE was then selected and 289 used to train the classifier on the whole training partition. We then tested the classifier on the 290 remaining testing partition, which contained the 14 trials. This meant that the testing partition 291 was never used during the optimization and/or training of the classifier. Given our under-292 sampling procedure, an unbiased readout of performance was extracted by randomly selecting 293 trials and performing all computations 1000 times, which generated a vector of 1000 estimated 294 choices for each of the 14 S1/S2 pairs. We then used the average choice binary output over 295 these 1000 computations. Classifiers were trained and tested at each time bin. 296
Chance levels and statistical significance were defined using a permutation approach. 297 Specifically, we randomly permuted monkeys' choices 1000 times without removing the 298 relationship between ERP signal and the different S1/S2 pairs and conducted the same 299 decoding approach described above. Importantly, the temporal structure of the ERP signal 300 also remained unaffected by the permutation procedure. All subsequent computations were 301 done in a similar manner to that described above. Finally, classifiers' performances were 302 averaged across the 14 S1/S2 pairs for each permutation and used to assess statistical 303
significance. 304 305
The same analysis methods were also applied to the recordings of single neuron activity 306 (OFC and MFC neurons, both before and after lesions). Here we used the activity of a 307 subsample of 47 randomly selected neurons for each population of neurons from OFC and 308 MFC to predict monkeys' choices. Just as we had done for the ERP analyses, described 309 above, we first used the average firing rate for 50 ms bins each 10 ms step. With such time 310 averaging, we were almost unable to decode choices from either OFC (PreOp=1/14 and 311 PostOp=3/14 significantly decoded S1/S2 pairs) or MFC (PreOp=2/14 and PostOp=0/14). 312
However, it is unclear if this null result was due to a limitation inherent to the nature of the 313 signal (i.e., spiking activity is a point-process, as opposed to the continuous ERP signal) or a 314 true absence of encoding. Our objective being the comparison between neuronal and ERP 315 populations, we therefore reported the decoding performance using longer bins of 200 ms for 316 neuronal populations, a common window size used to analyze neuronal activity (e.g. 317 Rudebeck et al., 2013; Lara and Wallis, 2014; Stoll et al., 2016) . 318
319
We report the results of our time-resolved approach, but also after averaging 2 time 320 periods (t1, from 300 to 400 ms; and t2, 1250 to 1350 ms, relative to S1 onset). These time 321 windows were defined to match the ERPs components and based on the overall decoding 322 performance. Statistical estimates for these time windows were extracted by averaging the 323 results of the 1000 permutations over time in a similar manner. Differences between recorded 324 populations were assessed using Chi-square tests with Yates' corrections. We used a 325 threshold of p<0.05 after correcting for multiple tests. 326
To further compare the decoding performance for the different conditions, we fitted a 327 mixed-effect logistic regression on the output of the classifiers (average number of S1 choices 328 out of the 1000 permutations during time bin t2). The full model included fixed-effect for all 329 three categorical fixed-effect factors (Type: neurons vs. LFPs; Area: OFC vs. MFC, Surgery: 330 PreOp vs. PostOp) and all interactions. Also, S1/S2 pairs were dummy-coded and included as 331 a random-effect factor, allowing changes in intercept (i.e., choosing more S1 or S2 depending 332 on their respective values). Thus, this model compared the overall performance of the 333 classifiers independently of the S1/S2 pair considered. Model coefficients were derived by 334 maximum likelihood estimation using Laplace approximation. We report the output from the full 335 model in the results given that a similar model without the 3-way interaction (Type x Area x 336 Surgery) was significantly less adapted to fit our dataset (Log-Likelihood test, LR=37.6, 337 p=8.7e-10). We also validated our model by ensuring that normalized residuals plotted against 338 fitted values and factors did not show inhomogeneity. 339
340
Finally, we investigated whether it was also possible to extract stimulus-reward values 341 using population decoding methods. Here, we applied support vector machine (SVM) 342 algorithms with Gaussian kernel on the ERP signals recorded from 47 randomly selected 343 channels. This procedure was performed to extract S1 and S2 values using the average ERP 344 amplitude during time bins t1 and t2, respectively, for each trial and each predictor (recording 345 sites). We used the ERP activity of 10 randomly selected trials for each S1 or S2 values (for a 346 total of 50 trials). Readout performances were extracted by randomly selecting trials and 347 performing all computations 100 times. We then averaged the decoding performance and 348 compared it with a set of 1000 randomly-generated permutations. 349
350
Experimental Design and Statistical Analysis 351
Three adult male rhesus macaques (Macaca mulatta) were used in this study. were randomly selected from a total of ten stimuli, each one associated with a fixed amount of 366 fluid (0, 0.1, 0.2, 0.4 or 0.8 ml, two stimuli for each quantity, Fig. 1A) . 367 Behavioral performance during the task has been described in detail elsewhere 368 (Rudebeck, et al., 2013) . In brief, each monkey chose the stimulus associated with the 369 greatest amount of reward on nearly every trial (>95%). Bilateral excitotoxic lesions of the 370 amygdala did not alter monkeys' performances; monkeys continued to select the stimulus 371 associated with the greatest amount of reward on more than 95% of trials. Although it might 372 seem counterintuitive, the task was specifically designed, based on prior work (Izquierdo and 373 Murray, 2007) , to ensure that performance would not be affected by the lesions. This aids the 374 interpretation of the results; if there had been a behavioral deficit postoperatively it would be 375 difficult to interpret any postoperative changes in neural activity, as effects could be due to 376 either the lesion or the change in behavior. In addition, we confirmed that the lesions were 377 effective in a separate task that required the learning of new stimulus-reward associations 378 (Rudebeck et al., 2017) . 379
Choice response times, defined as the amount of time between the go signal being 380 delivered and the monkey lifting its hand to make a movement, were modulated by the amount 381 of reward that the monkeys would receive for making a particular choice (p<0.01, see 382 Rudebeck et al., 2013) . Lesions of the amygdala did not consistently alter the effect of value 383 on monkeys' choice latencies (p>0.3). 384 11 MFC). The presentation of each stimulus (S1 or S2) was associated with a strong ERP 405 response at both OFC and MFC recording sites ( Fig. 2A,D) . The early visual responses 406 induced by the presentation of S1 were followed by two main components: a negativity 407 peaking around 250 ms (average ± std, OFC = 274.4 ± 28 ms; MFC = 259.4 ± 21 ms) followed 408 by a late positivity around 400 ms (OFC = 433 ± 52 ms; MFC = 411.6 ± 48 ms). Both the early 409 negativity and late positivity were significantly earlier in the MFC compared to the OFC (KW 410 test; negativity: H=21.04, p=4.49e-6; positivity: H=15.46, p=8.43e-5). The presentation of S2 411 elicited similar ERP responses to those following S1. 412
413
To characterize the relationship between stimulus values and the different components 414 of the ERP responses, we performed a sliding hierarchical ANOVA based on single-trial 415 responses around the presentation of both S1 and S2 (see Methods). Stimulus value coding 416 was found in both OFC and MFC ERPs, in particular at the time of the described early 417 negativity and later positivity of the ERP responses (Fig. 2B) . No difference in the latency of 418 value coding between OFC and MFC was found for the encoding of S1 values (average ± std, 419 OFC = 282.4 ± 102 ms; MFC = 275.9 ± 121 ms; KW test, H=0.03, p=0.8606). However, S2 420 value was encoded earlier in OFC compared to MFC (average ± std, OFC = 237.7 ± 106 ms; 421 MFC = 278.7 ± 129 ms; KW test, H=8.47, p=0.0036). 422
To further quantify the contribution of OFC and MFC to stimulus reward-value coding, 423 we looked at the proportion of sites encoding each factor during 3 time periods around 424 stimulus presentation (Reference period: -1 to 0 s; S1 period: 0 to 1s; S2 period: 1 to 2 s, all 425 relative to S1 onset, Fig. 2C ). During the S1 period, the encoding of S1 values was observed 426 at more OFC sites than MFC sites (OFC=118/222, 53.15%; MFC=62/144, 43.05%; Χ 2 =3.56, 427 p=0.059). A similar pattern was seen during the S2 period (OFC=129/222, 58.1%; 428 MFC=58/144, 40.2%; Χ 2 =11.11, p=0.0009). However, only monkeys H and N displayed a 429 consistent difference between areas for S1 and S2 values (Fig. 2D) . No differences were 430 observed in monkey V, although this is likely due to the small number of recorded sites in the 431 MFC (n=11). Finally, a small percentage of sites also encoded the value of S1 during the S2 432 period, and again this was higher in OFC (OFC=20.7% and MFC=9%, Χ 2 =7.988, p=0.0047, 433 Fig. 2C ). It should be noted that S1 remained on the monitor screen at the time of S2 434 presentation. The percentage of sites that coded S1 value during the S2 period was 435 consistently higher in the OFC than the MFC of all three monkeys (Fig. 2D) . 436
Recording sites showing an encoding of the value of S1 in the ERPs during S1 period 437
were highly likely to encode the value of S2 during the S2 period in both the OFC (n=90/118, 438 76.3%) and the MFC (n=33/62, 53.2%). However, large discrepancies between monkeys, both during S1 (monkey H: OFC=9/20, 456 MFC=21/56; monkey N: OFC=76/81, MFC=71/77; monkey V: OFC=39/121, MFC=0/11) and 457 S2 period (monkey H: OFC=6/20, MFC=12/56; monkey N: OFC=75/81, MFC=50/77; monkey 458 V: OFC=52/121, MFC=2/11), mean that this result should be treated with caution. Contrary to 459 the encoding of stimulus value, the modulation of the ERP by the stimulus side was almost 460 exclusively observed during the initial ERP responses (stimulus side discrimination peaked at 461 225 ms and 215 ms after S1 onset for OFC and MFC respectively). 462
We also found that the encoding of the identity of S1 or S2, either color or shape stimuli, 463 was only apparent in the OFC (S1=33/222, 14.8%; S2=34/222, 15.3%). Only ~5% of sites in 464 MFC signaled stimulus identity (S1=8/144, 5.5%; S2=7/144, 4.8%). This was lower than in 465 OFC (Χ 2 >7.6, p<0.0058) and also no different to chance levels. 466
In summary, these analyses of the ERPs from OFC and MFC reveal that: 1) OFC 467 exhibited more prevalent and reliable encoding of stimulus-reward values compared to MFC; 468 2) stimulus location modulated the early ERP component in both OFC and MFC; 3) sites in the 469 OFC and MFC encoding of the value of S1 during the S1 period were highly likely to also 470 encode the value of S2 during the S2 period, and 4) stimulus identity encoding was only 471 evident in OFC, not MFC. 472
Comparison of ERPs and single-unit encoding of stimulus value 474
As reported by Rudebeck et al (2013) 
513
Population encoding of choices during stimuli presentation 514
To further explore how reward-value signals in OFC and MFC might contribute to choice 515 behavior, we applied multiple linear regressions to decode monkeys' choices on each trial from 516 ERP population activity vectors in both regions (see Methods and Fig. 3) . Here when we refer 517 to the choice, we mean the option, either S1 or S2 that the monkey will subsequently choose 518 on each trial. Linear classifiers were trained on a subset of trials to discriminate the 2 519 categories: choosing S1 (=1) or choosing S2 (=-1). The training set contained 2 instances of 520 each of the 14 possible S1-S2 pairs; the testing set contained 1 instance of each (total number 521 of trials used was 48). This procedure was performed in order to retrieve a posteriori the 522 classifier's performance for each trial type without any bias in the number of their occurrences. 523
Note that neither information concerning the identity of the different pairs, nor the value of S1 524 or S2, was given to the classifiers; only the chosen stimulus (S1 or S2) was used. It is also 525 important to keep in mind that monkeys' choices in this task are entirely based on the reward 526 values associated with the different stimuli. Because monkeys nearly always chose the 527 stimulus associated with the highest amount of reward, fully disentangling value and choice-528 related signals is beyond the scope of this study. 529
Decoding monkeys' choices was studied here using ERP population activity vectors 530 combining sites from all monkeys. Due to our trial number requirement, the total number of 531 available recording sites for the different monkeys varied in both the OFC (monkey H=2, 532 monkey N=51, monkey V=59 sites) and MFC (monkey H=8, monkey N=35, monkey V=3 sites) 533 populations. As a result, most of the sites included in the OFC population were recorded from 534 two monkeys (N and V), whereas most sites included in the MFC population were recorded 535
from one monkey (N). 536
This analysis showed that LFPs in both OFC and MFC represented which option 537 monkeys would choose on a trial-by-trial basis (Fig. 3A, B) . This encoding was evident during 538 both S1 and S2 presentations, typically at the time of the late ERP components previously 539 described as associated with stimulus-reward values (see for comparison Fig. 2A, B) . The 540 different stimulus pairs presented on each trial also affected the performance of the classifiers 541 trained on the OFC and MFC data. Notably, the classifiers' choice prediction evolved as the 542 stimuli were sequentially presented and the predicted choice often matched the actual choice, 543 at least after both stimuli were presented (Fig. 3B) . 544
To better understand the dynamics of these signals, we looked at how monkeys used 545 the learned statistics of the task to augment their decisions. At the time of S1, monkeys didn't 546 have any information about the upcoming S2 value, but given that monkeys had significant 547 experience with the task, it is likely that they were using the value of S1 to predict S2. This is 548 possible in the present task because the uncertainty about the upcoming S2 value varied with 549 the value of S1. For example, if the value of S1 was 0.2 ml on a given trial, there was a 50% 550 chance that S2 value will be greater or lower (i.e. the maximum uncertainty in this task). On the 551 other hand, if the value of S1 was 0 or 0.8 ml, there was no uncertainty about the following 552 choice. Alternatively, if S1 was a stimulus associated with 0.1 or 0.4 ml this was associated 553
with an intermediate level of uncertainty, respectively a 66.6% or 33.3% chance that S2 value 554 will be greater than S1 (for full information on pairs, see Methods). 555
Taking the choice uncertainty into account we observed that the decoding performance 556 of the decision from OFC population activity during the S1 period was strongly correlated with 557 the estimated optimal choice probability at that time (Fig. 3C) . A similar relationship was 558 observed for the MFC population. These analyses therefore reveal that monkeys were biasing 559 their potential choices on each trial based on the value of the first stimulus that was presented. 560
Notably, the fact that we were able to significantly decode monkeys' choices during S1 does 561 not imply that the coding accurately predicted the subsequent choice. Although, knowledge 562 about the task structure might be an efficient strategy to maximize reward, by reducing the 563 time before reward, it might result in an incorrect prediction and a planned motor response 564 associated with a lower value option. This planned response would need to be updated if a 565 higher value option is presented second. Indeed, careful inspection of Figure 3A shows that 566 strong encoding of S1 choice was reversed when the less likely S2 stimulus were presented, 567 violating monkeys' expectation (notably when S1/S2=0.1/0 ml and S1/S2=0.4/0.8 ml, see also 568
Fig. 3B). 569
Following the presentation of S2, both OFC and MFC classifiers reached better overall 570 performance in predicting monkeys' actual choices (Fig. 3A, B) . However, differences were 571 observed between the two areas. In particular, the decoding accuracy from the OFC 572 population appeared linearly scaled with the stimulus value difference (Fig. 3D) . This was not 573 the case for the MFC. Instead, the estimated probability of choosing mostly discriminated the 2 574 possible choices in a step-wise manner (at least when the decoding accuracy reached 575 significance), without being affected by the difference in value between the stimuli. This is 576 reflected by significantly higher accuracy levels in the MFC compared to the OFC in 6 different 577 stimulus pairs (highlighted in Fig. 3D) . Also, more pairs of stimuli were significantly decoded 578 from the MFC than the OFC population after S2 presentation (time bin t2, OFC=5/14 and 579 MFC=11/14 significantly decoded pairs; Χ 2 =5.25, p=0.02; Fig. 3B right panel) . 580
The very low number of sites in some individual subjects (e.g. monkey H: OFC=2 and 581 MFC=8; monkey N: MFC=3 sites) prevented us from confirming the robust existence of these 582 effects in all subjects. As shown in Fig. 5B (top row) , the choice decoding accuracy from the 583 two remaining monkeys in OFC revealed large inter-individual variability. Ultimately, the choice 584 classifiers could only be tested using the MFC recordings of monkey N, meaning that the 585 effects reported should be treated with caution. 586 
601
In summary, these analyses demonstrated that the ERPs recorded in the MFC, and to a 602 lesser extent in OFC, contained information about the impending choice (S1 or S2). Together 603 with the results on the encoding of value by ERPs, this suggests that LFPs in OFC and MFC 604 represent distinct but complementary information associated with choice behavior. 605 606
Amygdala lesions altered stimulus value coding 607
Following the acquisition of the preoperative recordings, all 3 monkeys received bilateral 608 excitotoxic lesions of the amygdala, covering both centromedial and basolateral nuclei (Fig.  609   1B) . Details regarding the method and extent of the lesions can be found in Rudebeck et al. 610 (2013) . We then recorded LFP signals from 298 and 184 sites postoperatively in the OFC and 611 MFC respectively (monkey N: 169 OFC and 114 MFC; monkey H: 70 MFC; monkey V: 129 612 OFC). Postoperatively, the presentation of S1 and S2 elicited both the early negativity and late 613 positivity observed before the lesion (Fig. 4A) . S1 elicited an early negativity around 250 ms 614 (average ± std, OFC=268.8±31 ms; MFC=268.8±35 ms) and a late positivity after 400 ms 615 (OFC=425.7±69 ms; MFC=424.6±64 ms). Both components were also observed after S2 616 (negativity: OFC=260.2±24 ms, MFC=243.9±32 ms; positivity: OFC= 446.6±59 ms; 617
MFC=431.5±63 ms). Amygdala lesions abolished the latency differences previously observed 618
between the OFC and the MFC for S1 components (KW test OFC vs. MFC, negativity: H=0.02, 619 p=0.88; positivity: H=6.3e-4, p=0.98) but not for S2 (negativity: H=27.89, p=1.28e-7; positivity: 620 H=3.32, p=0.07). Compared to the preoperative recordings, the latency of the different 621 components was decreased following the amygdala lesion in OFC (KW test PreOp vs. PostOp, 622 S1 negativity: H=4.29, p=0.038; S1 positivity: H=7.34, p=0.007; S2 negativity: H=11.68, 623 p=6.3e-4; S2 positivity: H=22.63, p=1.9e-6). This was not the case in the MFC, except for the 624 S2 negativity (KW test PreOp vs. PostOp, S1 negativity: H=1.23, p=0.27; S1 positivity: H=1.74, 625 p=0.187; S2 negativity: H=17.88, p=2.35e-5; S2 positivity: H=0.35, p=0.55). Finally, we also 626 observed a clear overall decrease in the amplitude of the ERP responses in both OFC and 627 MFC relative to the preoperative recordings (Fig. 4A) . 628
During the S1 period, the encoding of S1 values was still observed at a substantial 630 number of OFC and MFC sites (OFC=107/298, 35.9%; MFC=37/184, 20.1%), with more sites 631 in the OFC (Χ 2 =13.55, p=2.32e-4) (Fig. 4B,C) . Similarly, more sites in the OFC compared to 632 the MFC encoded S2 values during S2 period (OFC=90/298, 30.2%; MFC=34/184, 18.5%; 633 Χ 2 =8.18, p=0.0042). This difference in proportions of site encoding S1 or S2 value was highly 634 consistent between monkeys (Fig. 4D) . More importantly, these proportions were smaller than 635 before the amygdala lesion, for both S1 value during S1 period (PreOp vs. PostOp, OFC: 636 Furthermore, only ~5% of sites encoded the value of S1 during the S2 period 646 (OFC=7.7% and MCC=4.89%, Χ 2 =1.46, p=0.2259). This was lower than pre-operatively in the 647 OFC (PreOp vs. PostOp, Χ 2 =18.69, p=1.5e-5), and was evident in both monkeys 648 (PreOp/PostOp, monkey N: 37/9.4%; monkey V: 11.5/5.4%) (Fig. 4) . 649
Thus, stimulus-reward value encoding by LFPs was reduced following amygdalectomy 650 in both OFC and MFC, but differences in encoding between the areas was maintain (OFC > 651 MFC encoding of S1 and S2). This pattern of effects is different to the changes we observed in 652 single neuron encoding of stimulus values, where lesions reduced the difference between OFC 653 and MFC as a result of diminished encoding in OFC (Rudebeck et al., 2013) . These analyses 654 suggest that amygdala input has different effects on single neuron and LFPs in prefrontal 655
cortex. 656
Postoperatively, stimulus side was encoded at more sites in OFC than in MFC, both 658 during S1 presentation (OFC=40.9% and MFC=21.2%, Χ 2 =19.93, p=8.01e-6) and S2 659 presentation (OFC=40.2% and MFC=23.3%, Χ 2 =14.51, p=1.39e-4) (Fig. 4C) proportions were different between monkeys (as reported preoperatively), the decrease in 664 coding was consistent across monkeys in the OFC for both S1 (PreOp/PostOp: monkey 665 N=93.8/62.7%, monkey V=32.2/12.4%) and S2 (monkey N=92.6/63.3%, monkey V=43/10.1%). 666
This was also true in the MFC for both S1 (monkey H=37.5/21.4%, monkey N=92.2/21.1%) 667 and S2 (monkey H=21.4/11.4%, monkey N=64.9/30.7%). 668
Finally, we also found a significant decrease in the encoding of the identity of S1 or S2, 669 either color or shape stimuli, in the OFC (S1=16/298, 5.4%; S2=21/298, 7%; PreOp vs. Changes following amygdala lesions were consistent across monkeys in the OFC for both S1 673 (PreOp/PostOp: monkey N=12.3/3.6%, monkey V=17.4/7.8%) and S2 (monkey N=18.5/7.1%, 674 monkey V=17.4/7.8%). This was also true in the MFC for both S1 (PreOp/PostOp: monkey 675 H=5.4/4.3%, monkey N=6.5/1.8%) and S2 (monkey H=1.8/2.9%, monkey N=7.8/0.9%). 676 either during S1 or S2 periods. Grey crosses show that no recordings were performed on the given To summarize, we observed major alterations of the ERPs in both OFC and MFC 693 following amygdala lesions. Although a significant proportion of sites still encoded the reward-694 value associated with the different stimuli, amygdalectomy markedly reduced the encoding of 695 this aspect of the task in both areas. 696 697
Amygdala lesions abolished the encoding of choices 698
We applied the same multiple linear regressions method on the postoperative 699 population ERP activity to investigate whether the encoding of choice was affected by the 700 removal of the amygdala. Classifiers were trained and tested on 47 randomly selected sites 701 (total number of available sites exceeding trial number requirements, n=120 OFC and n=86 702 MFC). Postoperatively, it was not possible to decode monkeys' choices using either OFC or 703 MFC population ERP activity (Fig. 5A) . The accuracy of the classifiers to predict monkeys' 704 choices almost never reached significance in the time-resolved analysis. Similarly, we were 705 only able to show a significant decoding during time bin t2 in 3/14 and 2/14 pairs in OFC and 706 MFC, respectively (see white stars in Fig. 5A, bottom panel) . Consistent results were observed 707 in the three subjects (Fig. 5B) . This reveals the major influence of the amygdala in the 708 computation of choice-related activity in the MFC. Despite this change in MFC, it is important 709 to keep in mind that monkeys were still able to perform the task, with similar near-optimal 710 performance than before lesions. 711 
ERPs and single neuron activity convey different information related to choices 723
Preoperatively, we found that choice decoding of ERP signals was more accurate in the 724 MFC compared to OFC (Figs 3B,C) . Further, our analyses showed that amygdala lesions 725 almost abolished the encoding differences between OFC and MFC and the ability to decode 726 the monkey's choices. By contrast, individual neurons in both OFC and MFC are only weakly 727 tuned to monkeys' choices during this task (Rudebeck et al. 2013) , revealing a possible 728 dissociation between the information carried by single neurons and LFPs. However, different 729 methods were applied with the two datasets, and it is possible that using population decoding 730 measures on the single neuronal recordings might reveal other aspects of choice-related 731 signaling. We therefore applied the same decoding analyses to both measures of neural 732 activity (see Methods). As before, the number of predictors (ERP sites or neurons) was similar 733 to avoid potential nonspecific biases of classifiers' performance. 734
It was possible to decode monkeys' choice using either single neuron or ERP activity 735 recorded in OFC or MFC, at least when specific S1/S2 pairs where presented (shown for time 736 bin t2 in Fig. 6A ). Overall, classifiers using single neuron activity from either OFC or MFC 737 reached similar decoding performance to that from ERPs recorded in OFC, although the 738 significantly decoded pairs differed between the two measures and brain regions. Following 739 amygdala lesions, we observed a decrease in the classifier's accuracy compared to the 740 preoperative single neurons recordings; we were unable to decode monkeys' choices in as 741 many S1/S2 pairs (Fig. 6B, bar plot) . This occurred in both MFC and OFC. Interestingly, 742 lesions were not simply associated with decreased classifier performance; a significant 743 increase in performance was observed in a few S1/S2 pairs (4 and 2 pairs for OFC and MFC 744 respectively; see upward arrows in Fig. 6A, bottom panel) . This analysis indicates that the 745 information contained in single neuron and ERP populations was differentially affected by 746
amygdalectomy. 747
To statistically compare whether the overall choice coding strength was different in the 748 different neural signals and/or modulated following amygdala lesions, we fitted a mixed-effect 749 logistic regression to the output from the different classifiers (see Methods). Categorical fixed-750 effect factors included recording types (single neurons vs. LFPs), areas (OFC vs. MFC) and 751 surgery (PreOp vs. PostOp). S1/S2 pairs were included as a random-effect factor, allowing 752 only changes in the intercept (i.e. choosing more S1 or S2 depending on their values). The 753 model results are summarized in Fig. 6C . All interactions survived model selection and were 754 statistically significant (Type x Area: t (104,1) =11.71, p=1.03e-20; Type x Surgery: t (104,1) =-5.16, 755
p=1.1e-6; Area x Surgery: t (104,1) =-3.25, p=1.5e-3). The three-way interaction (Type x Area x 756 Surgery) also remained in the best model (t (104,1) =-6.13, p=1.6e-8), highlighting the existence of 757 a strong dissociation between the factors considered. Post-hoc comparisons using a threshold 758 at p<0.01 revealed that: 1) choices were more strongly encoded by single neurons compared 759
to ERPs in the OFC, whereas the opposite was true for the MFC (Fig. 6C) . 2) Choice encoding 760 was also significantly greater in MFC than OFC, but only for ERPs, not single neurons (Fig.  761   6C) . 3) Amygdala lesions significantly reduced the performance of the classifiers on both 762 single neurons and ERPs, although the effect was more pronounced for ERPs (relative to that 763 for single neurons) and in the MFC populations (relative to OFC). In summary, amygdala 764 lesions differentially affected choice coding in OFC and MFC at the level of single neurons and 765
ERPs. The most prominent change was the reduction in spike encoding of choices in OFC and 766 the decrease ERP encoding of choices in MFC. 767 and to a lesser extent in MFC, encoded the reward value of the two stimuli presented (Fig. 2) . 783
Furthermore, if a site encoded the value of S1 it was highly likely to encode the value of S2. 784
This closely matched findings from our previously published single neuron recordings. Despite 785 this correspondence, we found that there was no direct relationship between the encoding of 786 value by single neurons and ERPs simultaneously recorded on the same electrode. We then 787 looked at how ERPs encoded the choices that the monkeys would make on each trial. We 788 found that ERPs recorded in MFC, and to a lesser extent in OFC, contained relevant 789 information about the upcoming choices that monkeys would make (Fig 3) . Taken together, 790 the findings indicate that local field potentials in OFC and MFC represent the relevant 791 information to make adaptive and optimal decisions. 792
Removing amygdala input to OFC and MFC strongly reduced ERP encoding of stimulus 793 reward value in both areas (Fig. 4) . It also decreased the encoding of monkey's choices. This 794 was most apparent in MFC where the lesions completely abolished choice-related signals 795 encoding (Fig. 5) . When we compared the effects of lesions on ERP and single neuron 796 encoding of choices, the lesions appeared to mostly affect ERP, not single neuron. This was 797 especially prominent in MFC (Fig. 6) . Taken together these data suggest that amygdala inputs 798 are important for augmenting reward-value and choice signals in PFC, most notably ERP 799 choice-related signals in MFC. 800
801
Encoding of reward-value and choices in OFC and MFC 802
Both OFC and MFC have been linked to reinforcement-guided decision making, notably 803 when monkeys have to choose between different stimuli or courses of action associated with 804 reward (e.g., Thorpe et al., 1983; Matsumoto et al., 2003; Wallis and Miller, 2003; Amiez et al., 805 2006; Kennerley et al., 2006; Walton et al., 2010; Stoll et al., 2016) . It has also been 806 emphasized that encoding in OFC and MFC is not identical (Kennerley et al., 2009 (Kennerley et al., , 2011 , and 807 that each area makes distinct contributions to different aspects of decision-making (Rudebeck 808 et al., 2008; Camille et al., 2011) . Here, we observed that both brain structures appeared to 809 reflect stimulus-reward values and the upcoming choices. However, the strength of coding of 810 each factor differed between OFC and MFC and a clear dissociation was apparent: ERPs in 811 OFC strongly encoded the reward value associated with the stimuli presented on each trial 812 whereas ERPs in MFC were more closely aligned to the product of value signals, reflecting the 813 encoding of monkeys' choices. The effect in MFC should, however, be taken with caution as 814 decoding choice-related signals was performed using a non-homogeneous and limited number 815 of channels from the different monkeys (see Fig. 5B ). Nevertheless, this could be related to 816 our previous observation, where single neuron encoding of the amount of reward associated 817 with S2 in MFC was more influenced by the value of S1 (i.e., was more akin to a relative 818 valuation; Rudebeck et al., 2013) . 819
Indeed, based on work in humans, encoding of choice in MFC might be expected. MFC 820 and medial OFC have both been proposed to play a role in the comparison process depending 821 on the context . In addition, MFC is critical for combining multiple 822 variables important for the decision processes, including both costs and benefits (Rudebeck et 823 al., 2006; Kennerley et al., 2009; Stoll et al., 2016) . Hence, it has been argued that the MFC 824 could represent the value of exploring alternative courses of actions (Kolling et al., 2016) . 825
Although our task doesn't specifically depend on action values, representing which actions 826 have been performed and their potential value could be a crucial part of deciding whether to 827 stay engaged in the task. 828
It is important to note that the design of our task and highly consistent choice patterns of 829 our subjects prevented us from fully disentangling value and choice-related signals (as is the 830 case in nearly every value-based decision-making task). As noted earlier, this aspect of the 831 design was necessary to ensure that any alterations in neural activity consequent to the lesion 832 could be interpreted. Because of this aspect of our study, monkeys' choice information could 833 be seen as a binary version of the difference in value of both stimuli. Therefore, the 834 dissociation we observed between OFC and MFC could be linked to the specific way value-835 related information is represented in these regions. 836
Nevertheless, both OFC and MFC ERPs contained information about stimulus-reward 837 values and choices. This observation supports the notion of permeability of information 838 throughout the PFC. This could be the result of both the anatomical and functional properties 839 of the PFC. First, strong anatomical connections exist between the different parts of PFC, 840 notably between the OFC and the MFC (Carmichael and Price, 1996) . Also, the associative 841 role that has been attributed to PFC, as well as the broad influence of motivational factors on 842 this structure, makes it suitable to represent multiple parameters related to value and decisions 843 (Wallis and Rich, 2011) . Our results support the view that OFC and MFC, albeit being tuned 844 differently by value and choice information, work in unison when deciding between alternatives 845 in an adaptive and optimal manner. 846
example Fig. 2C with Fig. 3 in Rudebeck et al., 2013) . This close correspondence, however, 872 was absent for one of our findings: encoding of choice by ERPs in MFC (Fig. 6) . Given the 873 basis of the ERP signal noted above, it is possible that MFC receives choice-related signals 874 from amygdala (Fig. 6) or potentially other parts of PFC that require amygdala input, but this 875 does not result in a strong cascade of activity in individual neurons. Apart from amygdala, such 876 choice signal could potentially come from medial OFC where comparison related activity has 877 been reported in both macaques and humans (Boorman et al., 2009; Kolling et al., 2012; Strait 878 et al., 2014) . The lack of single neuron encoding of choices during the present task could be 879 linked to the relatively low involvement of the MFC and OFC in this task, where values were 880 already learned. By contrast, if the value of stimuli changed unexpectedly or has to be learned, 881 this might trigger a cascade of events throughout the PFC, increasing the need for cognitive 882 control which could potentiate the processing of choice and value information in the MFC and 883 OFC, respectively. This idea would appear to fit with data from the same subjects showing that 884 during stimulus-reward learning, single neuron activity in MFC closely matches stimulus values 885 and is indistinguishable from OFC encoding (Rudebeck et al., 2017) . 886
